Rainfall interception near a forest edge by Klaassen, Wim et al.
  
 University of Groningen
Rainfall interception near a forest edge





IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
1996
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Klaassen, W., Lankreijer, HJM., Veen, AWL., & Lankreijer, H. J. M. (1996). Rainfall interception near a
forest edge. Journal of Hydrology, 185(1-4), 349 - 361. https://doi.org/10.1016/0022-1694(95)03011-5
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the





ELSEVIER Journal of Hydrology 185 (1996) 349-361 
Rainfall interception near a forest edge 
Wire Klaassen*, Harry J.M. Lankreijer, Arthur W.L. Veen 1 
Department of Physical Geography, University of Groningen, Kerklaan 30, 9751 NN Haren Netherlands 
Received 23 September 1994; accepted 20 September 1995 
Abstract 
The process of interception is studied by comparing observations of net rainfall near a wind 
exposed forest edge with simulations of evaporation from a wet canopy. The simulations show a 
strong enhancement of the evaporation rate from the wet forest canopy near the upwind edge. The 
increased evaporation rate should result in an increased interception loss and a decreased throughfall 
near the edge. Observed throughfall appears hardly dependent on fetch from the forest edge, in 
agreement with previously published results. The seeming discrepancy between model and obser- 
vations is explained by effects of humidity and wind velocity. The model simulates interaction 
between the surface and the lower atmosphere. It is argued that this interaction is suppressed for 
humidity variations, as the atmospheric humidity is influenced by evaporation of falling rain. Even 
by prescribing a constant atmospheric humidity, the model simulates a higher evaporation rate near 
the edge as wind velocity is increased near the edge. However, observations show that throughfall is
statistically independent of wind velocity during rain, which is explained by a decrease in water 
storage capacity of the forest. It is concluded that the concept of a constant water storage capacity is 
questionable. Direct observations of water storage are recommended to quantify possible sensitiv- 
ities of water storage capacity to environmental f ctors. For aggregation studies it is concluded that 
rainfall interception is basically independent ofpatch size. However, it is argued that the forest edge 
dries more quickly and transpiration may start sooner after the rain has stopped. This would result in 
an aggregation problem for transpiration. 
1. Int roduct ion 
The edges of forests increase the measured momentum flux strongly (Gash, 1986; Kruijt 
et al., 1995) and the dry deposition of air pollution (Hasselrot and Grennfelt, 1987; 
Draaijers et al., 1994). Because of the restricted imensions of forests in the Netherlands, 
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the local edge effects aggregate to an enhanced ry deposition to forests of about 10% 
(Draaijers et al., 1994). 
Similar to momentum flux and dry deposition, an increase of evaporation flux may be 
expected from a rain-wetted forest edge. As rainfall interception accounts for a significant 
fraction of the total forest water use, an edge effect in interception might alter soil water 
resources as well as the aggregation rules in climate models for the latent heat flux of 
patchy forested landscapes (Klaassen and Claussen, 1995). 
Rather unexpectedly, however, the available observations ofrain throughfall near forest 
edges how hardly any edge effect (Hasselrot and Grennfelt, 1987; Beier et al., 1992; Neal 
et al., 1993; Draaijers et al., 1994). This study discusses the discrepancy between through- 
fall measurements and deposition and momentum flux measurements, to improve under- 
standing of the interception processes. In this investigation, data obtained in the SHEAR 
project (Kruijt et al., 1995) and a meteorological model of air flow and fluxes around forest 
edges (Klaassen, 1992) are used. 
2. Theory  
2.1. The interception process 
Interception is defined as precipitation which is intercepted by vegetation and evapo- 
rated before reaching the soil, or 
I=P-T  (1) 
where I is interception, P is precipitation and T is denoted as throughfall. Throughfall may 
occur in a direct way when the precipitation does not touch the vegetation. It also includes 
canopy drip and stemflow. As a consequence of this definition of throughfall, it equals the 
net precipitation reaching the forest floor. Measuring P and T provides a common way to 
determine interception. 
Interception can be divided into evaporation during precipitation (It) and evaporation 
after the precipitation has stopped (Id): 
I=Ir+td (2) 
The subscript d denotes 'drying phase'. Assuming negligible drip after the rain stopped, 
evaporation i the drying phase equals water storage at the end of the rain: 
Id = Cend (3) 
It is commonly assumed (e.g. Gash, 1979) that 
Cend=S i fP>Ps  (4) 
Eq. (4) means that when rainfall exceeds the amount necessary tosaturate the canopy (Ps), 
the actual water storage quals the water storage capacity S. (It should be noted that all 
parameters of the first four equations are given in kg m- 2, or mm.) 
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Evaporation during precipitation (lr) can be calculated by integrating the Penman equa- 
tion, provided the canopy is wet: 
Ir = ~[ Edt 
(5) 
with E = (sA + pcpD/rav)/)~(s + ~/) 
where E is evaporation rate (mm s- 1), dt means time integration over the precipitation 
event, s is slope of the saturated water vapour pressure with temperature (Pa K- 1), A is 
available nergy (W m- 2), P is air density (kg m- 3), Cp is specific heat of air at constant 
pressure (J K- 1 kg- 1), D is water vapour pressure deficit in the air (Pa), ray is atmospheric 
resistance towater vapour transport (s m- 1), )~ is latent heat of vaporisation (J kg- 1) and -y 
is the psychrometer constant (Pa K- 1). 
The analysis of interception near a forest edge is based on the conclusions of Hutjes et al. 
(1990), Hall et al. (1992) and Loustau et al. (1992) that E and S are the most important 
parameters for interception. Moreover, as interception is calculated as the difference 
between precipitation and throughfall, possible areal variations in precipitation i tensity 
near a wind exposed forest edge will be estimated as well. 
2.2. Precipitation ear a forest edge 
Fetch is defined as the upwind distance to the (forest) edge and it will be assumed that 
upwind of the edge, a much lower (if any) vegetation is found. Rain intensity near a forest 
edge (R) is calculated from 
R •R0 +Ri +Ru (6) 
where R0 is undisturbed rain intensity, R i is inflow rain intensity as a result of the transition 
in vegetation height and the horizontal component of the raindrop velocity owing to the 
horizontal wind speed, and Ru is updraught rain intensity caused by the effective fall 
velocity of raindrops depending on vertical wind. The vertical wind arises from the 
slowing down of the wind by the taller and rougher vegetation. (All rain terms are 
given in mm h- 1.) 
Inflow and updraught rain intensity are simulated by their first-order effects to obtain an 
impression of their significance. It is assumed that the raindrop density is constant at the 
forest boundaries. By assuming, further, that the drop diameter d (mm) can be represented 
by the average diameter, the rain intensity R0 is written as 
R0 ffi 3.6 x lO-3nVdl/6~rd3ffi 1.885 x lO-3nVd d3 (7) 
where n is raindrop density (m- 3) and I'd is raindrop fall velocity (m s- 1). The factor 10- 3 
arises because d is given in millimetres. 
The average raindrop diameter is estimated from the Marshall and Palmer (1948) drop 
size distribution as 
d ffi (3.67/4.1)R °'21 (8) 
The factor 3.67 arises from integrating the exponential drop size function (e.g. Ulbrich, 
1983). Given an average rain intensity of 2.0 mm h- 1 during the experiment, a raindrop 
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diameter of 1.0 mm is found. According to Gunn and Kinzer (1949), the fall velocity at 
surface pressure is 4.0 m s- 1, and Eq. (7) results in a raindrop density n = 265 drops m- 3. 
Total inflow intensity Ri is given by 
I Ridz = (Ro/ Vd) I U dz (9) 
where dz is the integral from the height of the upwind canopy to the height of the forest h 
(m) and U is horizontal wind velocity (m s- 1). Inflow may be intercepted from the edge 
(x = 0) up to a fetch x = Udz/Vd. Most inflow will be intercepted close to the edge and it is 
assumed that the inflow intensity decreases linearly with fetch, resulting in R i = 2R 0 at x = 0 
to R i = 0 for x >-- Udz/Vd. 
Updraught rain intensity Ru is given by 
gu = -RoW/Vd (10) 
where W is vertical wind velocity (m s- 1). An updraught results in a negative R~ as the 
effective fall velocity of raindrops is diminished. 
2.3. Possible influences of fetch on interception 
It is assumed that interception is dependent primarily on evaporation rate E and water 
storage capacity S. According to the Penman equation, Eq. (5), evaporation rate depends 
on the meteorological variables available nergy, water vapour pressure deficit and atmo- 
spheric resistance. It should be noted that available energy is relatively unimportant, 
owing to the good coupling of the wet forest canopy to the atmosphere (Jarvis and 
McNaughton, 1986). Atmospheric resistance is, to a good approximation, inversely 
proportional to horizontal wind velocity. As a result, the analysis will be restricted to I 
* £ (U ,D ,S) .  
The water storage capacity S is generally assumed to be a constant, related to leaf area 
index and structure of leaves and stems (Herwitz, 1985). However, Horton (1919) already 
noted that 'wind reduces interception storage' by shaking raindrops from the leaves. The 
sensitivity of S to wind velocity is estimated indirectly using observations of interception 
vs. precipitation. Water storage capacity is estimated from the intercept b of the fit I --- 
aP+b for P > Ps. Two methods of estimating b have been compared: a fit to all data 
(Zinke, 1967) and a fit to the data with minimal interception (Leyton et al., 1967), which 
should reduce the influence of evaporation during rain. 
Horizontal and vertical wind to calculate rain intensity near a forest edge, as well as the 
evaporation rate of a wet canopy, are estimated using the model of Klaassen (1992). The 
model simulates the fluxes of momentum, and sensible and latent heat around a transition 
of vegetation. The micro-meteorological model is two dimensional (fetch and vertical), 
hydrostatic and stationary. Airflow into the forest edge is calculated explicitly by siting 
several vertical grids inside the forest canopy. The leaf area density is taken as variable in 
the vertical direction and constant in the horizontal direction. The inclusion of airflow into 
the forest edge results in an enhancement of momentum flux near a forest edge. In this 
way, the measurements of momentum flux near a forest edge by Gash (1986) and Kruijt 
et al. (1995) were simulated well. Simulated evaporation was validated by micro-lysimetry 
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at several fetches of irrigated rice in a semi-add region (Lang et al., 1974). The strong 
effect of forest edges on momentum flux could be explained by obstacle drag, resulting 
from the sudden transition in vegetation height (Klaassen and Claussen, 1995). 
Horizontal and vertical wind velocity are calculated by solving the Reynolds equa- 
tions for turbulent flow. Evaporation is calculated at every grid inside the forest and 
vertically integrated. The Penman-Monteith equation is used with zero stomatal 
resistance to calculate evaporation of the rain-wetted forest. Atmospheric input data 
at the upper boundary at 200 m height are iterated until the observed temperature, 
humidity and wind velocity at the place of measurement are simulated correctly. Input 
data at lower heights are calculated, assuming a wet grassland surface and standard flux- 
gradient relations. In this way, the air is adjusted to the upwind landscape when entering 
the forest edge. A horizontal grid of 1 m and a vertical grid stretching from 1.5 m near the 
ground to 40 m at the upper boundary with seven layers inside the forest canopy were 
chosen. 
3. Observations 
Observations were made in a mixed deciduous forest in the north of the Netherlands 
bordering a flat agricultural area at the south-western side as part of the SHEAR project 
(Kruijt et al., 1995) on advection. Average tree height is 22 m and species are Quercus 
rubra, Quercus robur, Fagus sylvatica nd Larix leptolepus. Total leaf area index is 5.4, 
with the largest leaf area density between 8 and 20 m. 
Precipitation was measured 300 m upwind of the forest at a grassland site using a 
tipping bucket rain gauge and checked with four standard rain gauges. Throughfall was 
measured weekly using 60 throughfall tanks of 12 cm diameter and 20 cm height, located 
at different distances, starting at 20 m from the edge, into the forest to reveal a possible 
fetch influence on throughfall. The throughfall tanks were relocated in 1990 to diminish 
statistical measurement errors. Throughfall was also recorded with a time resolution of 
15 min using a gauge of 8 m length, connected to a tipping bucket rain gauge and corrected 
with the weekly totals of the throughfall tanks. Stemflow was measured on ten trees (five 
Fagus and five Quercus rubra) situated at least 50 m from the forest edge. Stemflow 
proved to be extremely variable in time and space. On average, stemflow accounted for 
3.7% of the precipitation. As stemflow of the other species appeared to be much lower, 
total stemflow is estimated as 2% of precipitation for fetches exceeding one tree height. 
Visual inspection showed that very close to the edge stemflow increased by interception of 
rain inflow. Stemflow will be neglected in the analysis, as possible influences of fetch on 
stemflow could not be estimated with sufficient accuracy. 
Meteorological observations were made at several heights above and inside the forest at 
200 m from the edge. Only wind velocity and water vapour pressure deficit, measured at 
25 m above the ground, have been used in this study. Average data during rain, which have 
also been used in the simulation, are Tam 288 K, U = 3.0 m s- 1 and D m 175 Pa. 
Possible fetch dependencies were studied using observations for the whole period in 
1989 and 1990 with leaves on the trees. Individual rain events were selected to analyse the 
sensitivity of interception to humidity, wind velocity and water storage capacity. The 
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selection criteria were a no-rain period of at least 4 h before the onset of rain and a wind 
direction almost perpendicular to the forest edge. 
4. Results 
Fig. i shows the average results of all rain events; througldall is slightly, but statistically 
insignificantly, decreased near the edge (T/P = 0.64 _ 0.09 forx < 60 m and T/P = 0.74 _+ 
0.13 for x > 60 m, where x is distance to the forest edge). Although the prevailing wind 
direction is almost perpendicular to the edge, a possible fetch effect will be weakened by 
rain events with other wind directions. It should be noted that all throughfall tanks were 
located more than 20 m from the edge. Closer to the edge, it was expected to find a strong 
effect of inflow. Measurements of rain inflow were thought o be of minor importance for 
the water balance of forest patches, as rain inflow is compensated by outflow at the lee side 
of the forest. 
Fig. 2 shows that simulated rain intensity increases trongly near the edge by inflow. At 
30 m the rain intensity is only 80% of the open field value, owing to the wind updraught. 
For fetches larger than 100 m, the edge effect on rainfall is negligible. Based on the model 
assumption of a constant drop density at the forest boundary, the area of inflow is propor- 
tional to wind speed and tree height, and the area of updraught proportional to wind speed 
and zero-plane displacement. It should be noted that the simulated variations in rain 
intensity are overestimated by approximately 10%, owing to the hydrostatic assumption, 
and underestimated by the neglect of scatter in raindrop diameter, resulting in a restricted 
accuracy of Fig. 2. 
Fig. 1 and Fig. 2 suggest that throughfall and precipitation both decrease by about 10% 
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Fig. 3. Simulated evaporation rate vs. fetch, scaled by the value at 100 m fetch. Two model versions have been 
compared, one using a constant humidity deficit and the other where humidity and temperature are calculated 
from interaction with the surface. The constant humidity version is used to simulate a situation where humidity is 
determined by evaporating raindrops only, whereas the other version neglects this effect. 
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only fair. Using I = P -T ,  it appears that the small decreases of P and T counteract each 
other, so I is basically independent of fetch for fetches exceeding one tree height. The 
throughfall measurements at fetches of 20 m show that inflow is limited to smaller fetches 
than suggested by the model. The concentration of inflow to smaller fetches may result 
from denser vegetation at the edge that intercepts inflow in the first few metres. 
Fig. 3 shows that simulated evaporation rate increases strongly near the edge. At a fetch 
of 50 m the evaporation rate is 50% above the value at 200 m fetch. By fixing the vapour 
pressure deficit at a constant value, the fetch dependence is decreased and the evaporation 
rate at 50 m fetch is only 23% above the value at 200 m fetch. When using Fig. 2 and Fig. 3 
for other forests, it could be noted that, according to the model, the fetch scales with the 
height of the forest, here taken as 22 m. 
Interception i creases with humidity deficit (Fig. 4), in agreement with the expected 
increase of evaporation rate. However, interception appears independent of wind speed 
(Fig. 5), although the evaporation rate should increase with wind speed and average wind 
speed during a shower varied between 1 and 6 m s- 1 
5. Discussion 
Throughfall appears hardly dependent on fetch, in agreement with previous tudies 
already referenced. A slight decrease in throughfall near the edge was also found by 
Neal et al. (1993) and can probably be explained by a decrease in rainfall rate owing to 
updraughts. It is concluded that interception is only marginally dependent on fetch. 
Theoretically, interception should be strongly dependent on evaporation rate and 
evaporation rate was simulated to depend strongly on fetch. Possible explanations for 
the discrepancy between model and experiment are discussed below to enhance under- 
standing of the interception process. As stated in Section 2.2, the discussion focuses on the 
influences of wind velocity, humidity deficit and water storage capacity on interception 
loss. Moreover, a few notes will be given on the influence of forest density on interception 
loss. 
5.1. Humi~ 
The model of Klaassen (1992) calculates the variations of humidity with fetch from the 
vegetated surface vaporation. This method is well validated under no-rain conditions but, 
during rain, a second source of water vapour exists at the raindrop surfaces. Owing to 
evaporation ofraindrops, the humidity tends to be less dependent on fetch. In Appendix A, 
it is shown that the coupling of humidity to surface conditions and raindrops is strongly 
variable. Instead of trying to find the average fetch dependence of humidity, it was decided 
to run the model twice. One run used the standard variation of humidity caused by the 
vegetated surface only and the other used a fetch-independent humidity which represents 
the situation that humidity would he caused by the raindrops only. Depending on the 
situation, humidity and evaporation rate should fall between the model runs, shown in 
Fig. 3. It appears that even by prescribing a fetch-independent humidity, the simulated 
evaporation is clearly dependent on fetch. The fetch dependence is caused by the enhanced 
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Fig. 4. Observed interception vs.precipitation in two humidity classes. (Note the increase ofinterception with 
humidity deficit.) 
wind speed close to the edge. It is concluded that neglecting raindrop evaporation cannot 
explain the observed marginal fetch dependence of interception loss. 
5.2. Wind velocity and water storage capacity 
According to Fig. 5, interception is independent ofwind velocity. Von Heuveldop (1973) 
even found a decrease of interception with wind velocity and Calder and Wright (1986) 
found the resistance to evaporation i dependent of wind velocity, although wind velocity 
should increase the evaporation rate and thus interception loss. The discrepancy between 
measurements and model is attributed to a decrease of water storage capacity with wind 
velocity. According to the present study, a wind speed dependent water storage capacity is 
the most simple and elegant explanation for the observations. A wind speed ependent water 
storage capacity is supported by an artificial wetting study by Hutehings et al. (1988) and an 
optimisation procedure of rainfall-throughfall measurements by H6rmann et al. (1996). 
Unfortunately, the measurements of I vs. P fail to validate the thesis of a wind speed 
dependent water storage capacity: assuming Ps = 1 mm results in S < 0.1 mm using the 
minimum interception fit (Leyton et al., 1967), and a further decrease of water storage 
capacity close to the edge cannot result in a significant decrease in interception. The fit to 
all data with P > 1 mm results in S = 0.6 mm, in better agreement with other published 
data (see reviews by Zinke (1967) and Shuttleworth (1989)). The failure of measurements 
of I vs. P to validate the wind speed dependence of water storage capacity should not be 
taken too seriously. In a recent study, Klaassen et al. (1996) showed that these methods 
underestimate water storage by a factor of two as compared with direct observations u ing 
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Fig. 5. Observed interception vs. precipitation i two wind velocity classes. 
microwave transmission (Bouten et al., 1991), owing to the neglect of drainage before 
saturation. A larger amount of stored water enhances the argument that the marginal fetch 
dependence of interception can be caused by a wind speed dependent water storage of the 
canopy. 
5.3. Forest density 
Very often, the forest is denser near the edge as more radiation is intercepted. The higher 
density results in increased forest water use (Harding et al., 1992). Variations in forest 
density complicate the analysis of net rainfall. For instance, increased forest results in an 
increased water storage capacity and a reduced net rainfall. This would further strengthen 
the present argument that water storage depends on wind speed. However, it is unlikely that 
variations in forest density affect the results of the present study. First of all, we only 
analysed measurements for fetches larger than 20 m, where the increase of forest density 
should be negligible. Second, a forest edge was selected with minimal indications of 
variations in density or structure near the edge. The similarity in observed net rainfall 
between our findings for fetches exceeding one tree height with other studies (Hasselrot 
and Grennfelt, 1987; Beier et al., 1992; Neal et al., 1993; Draaijers et al., 1994) indicates that 
the results of this study can be transferred toother forests with a denser forest edjze. 
6. Conclusions and recommendations 
Rain throughfall and interception appear to be almost independent of fetch for fetches 
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exceeding one tree height. A fetch dependence of interception was expected from 
observations of air pollution deposition and from model simulations. It is argued that 
two changes have to be made in the concept of interception simulation: (1) atmospheric 
humidity deficit is determined not only by surface evaporation, but also by raindrop 
evaporation, resulting in a suppression of areal variations in atmospheric humidity during 
rain; (2) the increase of evaporation rate with wind velocity is accompanied by a reduction 
in water storage capacity. 
A water storage capacity which depends on wind velocity hinders the common methods 
of estimating water storage capacity using a fit of interception or throughfall vs. precipita- 
tion. Direct observations ofwater storage capacity (Calder and Wright, 1986; Bouten et al., 
1991) are recommended for future interception studies. 
Owing to an increase of evaporation rate and a decrease of water storage near a wind 
exposed forest edge, it is expected that the edge of a forest canopy dries more quickly than 
the canopy within the forest (see also Ranney et al. (1978)). Although the direct influence 
on interception appears negligible, an indirect influence on forest water use is caused by a 
longer time for transpiration of a wind exposed forest edge (Harding et al., 1992). 
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Appendix A. Atmospheric humidity during rain 
Horizontal variations in atmospheric humidity may arise from evaporation of the inter- 
cepted water and the raindrops. The significance of these two processes will be compared 
by estimating the matching resistances tovapour transport. 
The atmospheric resistance from the surface is given by (Lankreijer et al., 1993) 
ray = k - 2 U - 1 ln(z/z O)[ln(z/zO) + 2] (A1) 
where k is Von KArm~in's constant, aken as 0.4, z is height above the zero-plane displace- 
ment (m) and z0 is roughness length. The factor +2 arises because the roughness length for 
heat transport is smaller than for momentum transport. Assuming U = 3 m s- 1, z = 20 m 
and z0., I m results in ray = 31 s m- 1. 
Evaporation from a single raindrop is given by 
E - 2rdfDvD (A2) 
where fis a ventilation factor (:= 5.5 for d = 1 ram), D is atmospheric humidity deficit and 
Dv is molecular diffusivity (m 2 s- 1), given by (Pruppacher and Klett, 1978) 
Dv = 21.1 x 10-6(Ta/273)1"94(po/P ) (A3) 
where Ta is air temperature (K), P is air pressure and Po is standard air pressure 
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(P0 = 101300 Pa). Atmospheric resistance of raindrops (rd) in an air column of height 2z is 
calculated from 
r d = 1 / (4~'nzdfDv)  (A4)  
It should be noted that an air column of height 2z is used, as it is assumed that the water 
vapour may arrive from two vertical directions. Assuming T, = 288 K, n = 265 drops m- 3, 
z = 20 m and d = 1 mm results in rd ffi 109 S m- 1. The drop resistance equals the surface 
resistance for z = 58 m. A lower equivalent height is found for a higher rain intensity, a 
raindrop distribution with smaller drops, a lower wind velocity or a smaller roughness 
length. It should be noted further that evaporation of falling raindrops does not lead to 
complete saturation of the air, as the rain fails from cooler heights. 
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